Luminescence due to the radiative recombination of localized biexcitons has been observed at low temperature ͑5 K͒ in ZnO/Zn 0.74 Mg 0.26 O multiquantum wells grown by laser-molecular-beam epilaxy on a lattice-matched ScAlMgO 4 substrate ͑0001͒. The emission components due to the recombination of localized excitons and biexcitons and due to the exciton-exciton scattering were verified by examining their relative energy positions and intensity dependence on excitation power density. The excitation threshold for biexciton emission was significantly lower than that for exciton-exciton scattering. The binding energy of biexcitons in multi-quantum wells is largely enhanced by quantum confinement effect. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1375830͔
Wide band gap semiconductors have been paid intensive attentions for a long time because of their potential applications to meet the commercial need for short wavelength optoelectronic devices. Initially, main efforts were concentrated on ZnSe-based II-VI compound semiconductors.
1 Recently, however, GaN-based materials have progressed more rapidly since the demonstration of blue/green light emitting diodes and laser diodes from InGaN quantum well structures. 2 Meanwhile, another wide band gap material, ZnO, has also received particular attentions. 3, 4 Compared with III-V nitride materials and other II-VI compound semiconductors, ZnO has larger exciton binding energy ͑about 60 meV͒, which in principle should allow for efficient excitonic lasing mechanisms operating at room or even higher temperatures.
Recent experiments have shown that low-threshold stimulated emission or laser action could be achieved in ZnO thin films and ZnO/͑Zn, Mg͒O multiquantum wells up to room temperature due to inelastic exciton-exciton scattering. [3] [4] [5] It is well established that, at dense excitation, two excitons with opposite spins may interact and form a bound state known as biexciton ͑or exciton molecules͒. Biexcitons can play an important role in optical properties such as lower threshold density for stimulated emission or laser action and higher gain coefficient. 6, 7 Such effects related to biexcitons have been observed in a large variety of semiconductors, especially in II-VI wide band gap semiconductors because of their larger binding energy of excitons and biexcitons so that excitons ͑biexcitons͒ exist stable at higher density. [7] [8] [9] [10] [11] [12] [13] [14] Luminescence of biexciton recombination has been also reported previously in bulk ZnO, 15 and recently, in ZnO epitaxial layers. 16 It is predicted that this nonlinear optical phenomenon should be more pronounced in lowdimensional structures like quantum wells because of the enhancement in binding energies of both excitons and biexcitons due to the quantum confinement effect. In this letter, we report on the first observation of luminescence induced by the radiative recombination of localized biexcitons ͑XX͒ in high quality ZnO/Zn 0.74 Mg 0.26 O multiquantum wells ͑MQWs͒ at 5 K. The biexcitonic emission appears at excitation intensity lower than that of emission induced by excitonexciton scattering. The binding energies of biexcitons in MQWs are largely enhanced compared with that of bulk ZnO.
The ZnO/ZnMgO MQWs were grown on a ScAlMgO4 substrate ͑0001͒ by laser-molecular-beam epitaxy method. The detailed preparation process has been described elsewhere. 17 The total structures consist of 10 periods of alternating ZnO well layers and 5-nm-thick Zn 1Ϫx Mg x O barrier layers. The Mg content of the barrier layers was chosen at xϭ0.26, corresponding to a barrier height of about 0.5 eV. Two samples investigated in this letter have well widths of 3.7 and 1.75 nm, respectively
In Fig. 1 , the lowest traces show the photoluminescence ͑PL, solid line͒ and optical absorption ͑dotted line͒ spectra taken at 5 K from a MQWs sample with well width of 3.7 nm. The PL spectrum is observed in a conventional backscattering geometry using the 325 nm line of a continuouswave He-Cd laser as the excitation source. It is dominated by the radiative recombination of localized excitons with peak energy of 3.369 eV and linewidth of about 22 meV, respectively. The lower emission peak at 3.296 eV originates from the 1 LO phonon replica of localized excitonic emission. The difference in peak energies between the PL and excitonic absorption spectra is about 30 meV. This energy difference results from the localization of excitons induced by the fluctuation of well width.
The upper traces ͓͑b͒, ͑c͒, and ͑d͔͒ in Fig. 1 show the normalized luminescence spectra at various power densities of excitation, taken at 5 K from the same MQW sample. In this case, the optical excitation was carried out by a pulsed dye laser ͑341 nm͒ which is pumped by a XeCl excimer laser ͑308 nm͒ with a pulse width of ϳ13 ns and a repetition rate of 10 Hz. At the lowest power density ͓100 W/cm 2 , Fig.  1͑b͔͒ , the luminescence spectrum is dominated by radiative recombination of localized excitons marked as an open dot ͑denoted by X͒, same as low-excitation PL. As the excitation power density increases, there appears a shoulder marked as a solid dot ͑denoted by XX͒ on the low-energy side of the X band. This emission band, located at 3.35 eV, grows superlinearly with respect to the excitation intensity. With further increase in excitation intensity, a second peak denoted by P appears at around 3.12 eV. According to the assignment done by the previous studies, the P band originates from inelastic exciton-exciton scattering. 5 On the basis of the relative energy position, we tentatively assign this newly observed XX band as the radiative recombination of localized biexcitons. This assignment is supported by the dependence of luminescence intensity I XX and I X on excitation density.
Following Ref. 18, we analyze the excitation power density dependence of luminescence intensity from X and XX in some detail. A system of excitons and biexcitons with densities n X and n XX can be described by the rate equations,
where G is the generation rate ͑proportional to pump power͒, X and XX are the exciton and biexciton lifetimes, and C is the characteristic interconversion time when n X ϭn XX ϭn*. Supposing that exciton emission intensity I X ͑biexciton emission intensity I XX ͒ is proportional to n X (n XX ), the relations between I X (I XX ) and the excitation density can be described by the similar relations. In our experiment, the excitation laser has pulse duration of 13 ns, which is considered to be much longer than the lifetimes of excitons and biexcitons. Therefore, a steady-state condition is established, and the steady-state solutions for I X (I XX ) can be described as 18 I X ϰ ͫͩ 1ϩ
where G 0 ϭ(n* XX /4 X 2 )(1ϩ C / X ) is the characteristic generation rate that separates the exciton-dominant from the biexciton-dominant region. These equations predict that I X (I XX ) grows sublinearly ͑superlinearly͒ with the increase in excitation intensity and the exponential factors for I X and I XX are excitation intensity dependent. However, the relation I XX ϰI X 2 holds true for the whole excitation intensity range where only X and XX contribute to the luminescence spectrum. In practical samples, various emission mechanisms ͑lo-calized excitons and biexcitons, exciton-phonon and exciton-exciton scattering, plasma, etc.͒ compete with each other. 7 As shown in Fig. 1 , at high excitation intensity, both the emission from biexciton recombination and emission induced by exciton-exciton scattering appeared in the PL spectrum. However, the former process has much lower excitation threshold than the latter one. Figure 2͑a͒ shows the PL spectra of another MQWs sample with well width of 1.75 nm at different excitation power densities. In this sample, the biexciton emission emerged at a much lower excitation intensity compared with that shown in Fig. 1 . In a range of excitation intensity ͑0-30 kW/cm 2 ͒, only two peaks represented by X and XX appeared in the spectra. At higher excitation density the P-band ap- pears, same feature as in Fig. 1 . We expect that, in this excitation range, only recombinations of localized excitons and biexcitons contribute to the photoluminescence. For quantitative analysis, it is necessary to spectrally separate the exciton and biexciton components in the PL spectra. It is predicted theoretically that the line shape of free biexciton luminescence obeys an inverse Bolzmann or modified distribution. 19, 20 In practical samples, the line shape of biexcitonic luminescence will be complicated by the localization effect because there are distributions of both the localized exciton energy position and the biexciton binding energies.
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Following the procedure described in Ref. 18 , the exciton component line shape is determined from a spectrum taken at a low excitation density and scaled as the exciton component in a spectrum for a high excitation density, and the biexciton component I XX is then fit to a Lorentzian line shape while the I X is adjusted, 18 as illustrated in Fig. 2͑b͒ . In Fig. 3 , the solid dots represent the experimental results, and the solid lines represent the calculated results according to Eq. ͑2͒. The calculated curves agreed well with the experimental data. In the inset of Fig. 3 , we show the biexciton emission intensity I XX as a function of exciton emission intensity I X . The solid line denotes the squarepower law relation. The dependence of I XX on I X is in close agreement with the square-power law. This gives strong evidence for our assignment.
For the investigated samples, the average biexciton binding energies were determined from the energy separation of the two peaks X and XX to be 19 and 28 meV for MQWs with well widths of 3.7 and 1.75 nm, respectively. For comparison, the biexciton binding energy in bulk ZnO is about 15 meV. 16 Since the well widths of our samples are comparable or smaller than the exciton diameter of ZnO ͑3.6 nm͒, the enhancement of biexcitonic binding energies in MQWs can be reasonably understood to be a consequence of quantum confinement effect in the well growth direction. We believe that the biexciton binding energy in quantum wells could be further enhanced due to the very large exciton binding energy in ZnO. 11 In view of the thermal activation energy at Tϭ300 K ͑ϳ25 meV͒, it is expected that the biexcitonic effect in ZnO-based quantum structures can play an important role at higher temperatures or even room temperature, which is desirable for the realization of ultralow threshold lasers.
In summary, we have studied the dependence of exciton-related luminescence on excitation intensity in ZnO/Zn 0.74 Mg 0.26 O MQWs. We observed the luminescence due to the radiative recombination of localized biexcitons at low temperature in ZnO-based quantum well structures. The biexciton emission emerged at much lower excitation intensity than that of exciton-exciton scattering. The biexciton binding energy in MQWs was largely enhanced compared with bulk ZnO due to the quantum confinement effect. 
